Zener interband tunneling through a potential profile induced by two top gates in the plane of the two-dimensional electron gas ͑2DEG͒ of a doped narrow-gap quantum well system is studied when the gates are biased differently. In contrast to the case of resonant transport through a potential profile created by a single gate these resonances exhibit only a weak dependence on temperature. We present results for a system based on an InSb quantum well and show that narrow resonances are maintained up to room temperature. Such narrow resonances may be exploited for voltage sensing at elevated temperatures.
Resonant Zener tunneling ͑ZT͒ is the combination of two mechanisms. ZT ͑Ref. 1͒ is the interband tunneling via the band gap of a semiconductor material, initially observed in heavily doped p-n diodes.
2,3 Resonant tunneling on the other hand, which is the process behind resonant tunneling diodes 4, 5 involves tunneling through a structure in which the formation of quasibound states allows for perfect transmission when the barriers are the same. Resonant ZT has been observed in various semiconductor heterostructures such as multiple quantum wells [6] [7] [8] and p-i-n diodes. [9] [10] [11] More recently it has also been studied theoretically for carbon nanotubes. 12 It can also be induced in a Zener double barrier structure ͑ZDBS͒ which can be formed using a narrow-gap semiconductor quantum well heterostructure such as InSb/ In 1−x Al x Sb, with InSb forming the narrow band gap well material. From this heterostructure, a quantum wire is formed, e.g., by depleting the two-dimensional electron gas ͑2DEG͒ using two closely spaced surface gate electrodes or by etching. An additional narrow top gate, perpendicular to the axis of the wire, can then be used to create a ZDBS and theoretical estimates 13 indicate that resonant ZT occurs, due to a well-localized electric field of the order of megavolt per centimeter created by this additional top gate. In the present work, based on the findings of our earlier work, 13 we analyze transport through a double-barrier structure created by two closely spaced surface gates perpendicular to the axis of a quantum wire, as shown in Fig. 1͑a͒ . For the InSb/ In 1−x Al x Sb narrow gap quantum well based structure considered here and sufficiently high electric field, the resulting potential profile along z is shown in Fig. 1͑b͒ . The ZDBS created by two gates involves discrete energy levels in the valence band due to the induced confinement in the three spatial dimensions. For simplicity we assume a constant potential in barrier regions and a linear approximation for the potential, as shown in the band-edge diagram of Fig. 1͑b͒ . High electric fields generated at the edges of the surface gates give rise to quasibound states formed due to confinement in the valence band below the potential barriers, the linewidth of a resonance depending exponentially on electric field. This device geometry would be more accurately modeled by performing a self-consistent calculation in all three spatial dimensions taking account of the hole charge in the valence bands. Although this would change the position of the quasibound states, the ZT behavior is expected to be similar for the idealized nonself-consistent case discussed in this paper. Unlike the unipolar double barrier structure, 5 the Zener potential profile requires a multiband model. For clarity, we start with a two-band description extending the results to a more accurate eight-band model in the next subsection. The two-band model contains only the conduction and light hole bands, which is a reasonable approximation for the bulk where the heavy hole is separated from the coupled conduction and light hole bands and the split-off band is remote. The corresponding two-band effective Hamiltonian that we use to solve the scattering problem in the z-direction is a͒ Author to whom correspondence should be addressed. 
where we consider an electron with momentum k in bulk material with external potential V͑z͒. We determine the transmission probability for an electron at the Fermi energy in the conduction band, to tunnel into the valence band. Details for the transport calculation for the ZDBS are given in Ref. 13 . If we change the gates' potential then the position of the bound states changes giving resonant ZT at low bias whenever the Fermi-energy aligns with a quasibound state. When dealing with a potential profile like that of Fig. 1͑b͒ , we can also have full transmission, with tunneling through the middle region ͑CD͒. If both barriers are identical, which is the case where the two top gates are at the same potential, then we obtain the same effect as in the single gate case whenever the injection energy corresponds to a bound state in the barriers. If we change the bias of one gate with respect to the other on resonance, then the structure is no longer symmetric and the transmission is reduced. Fig. 2 show the resonances for the single barrier using the two-band model and in Fig. 3 we can see the corresponding resonances for the same electric field value for the double barrier at T = 0 K. In all cases the injection energy and the electric field are fixed. Analogous calculations are performed for finite temperatures. When we inject electrons from a Fermi distribution of energies, for the single gate we expect to see significant thermal broadening at elevated temperatures. This is seen in Fig. 2 for which the resonances become broader with increasing temperature and barely survive to room temperature.
In contrast, for the double gate, the broadening is expected to have weaker temperature dependence when the voltage of only one gate is varied. This is due to a mismatch in the resonance energies for the two confinement regions between ZT barriers ͓see Fig. 1͑b͔͒ , which results in a rapid attenuation in overall transmission. This mismatch effect, which is temperature independent, dominates the thermal broadening effect due to the finite temperature Fermi distribution in the leads in a similar way to double quantum dot systems. 14, 15 This is illustrated in Fig. 3 , where we see a very small broadening for the higher temperature values, with almost no thermal broadening below T Ϸ 100 K. Figure 4 shows the behavior of a resonance width versus kT for both single and double barrier structures and for the same electric field. We see that the full width at half maximum ͑FWHM͒ takes larger values for the single gate case and especially for high temperatures where the temperature variation tends to be linear. In the single gate case, when kT is greater than the level spacing, thermal broadening is always much greater than for the double gated system. The above analysis is extended to a more realistic model using the Eppenga et al. 16, 17 eight-band Hamiltonian which is similar to Kane's eight-band model. [18] [19] [20] The numerical pro- cedure is presented and discussed in detail in Ref. 13 . The total conductance is computed by integrating over all allowed modes in the transverse transport directions of the wire. 13 In Fig. 5 , the results for the electric field value of 0.47 MV/cm are presented. These should be compared with the corresponding resonance results presented in Figs. 1 and 2 ͓panel ͑b͔͒. We may observe that the total conductance acquires larger values when there is a single gate since there are more allowed modes in the quantum wire. As shown previously, 13 confinement increases the effective energy gap and this effect, combined with the asymmetric profile caused by different biasing in the two gate case, reduces the number of allowed modes. In the examples shown, we have used L x = L y = 100 nm for the wire dimensions, though the results are similar for other choices, illustrating the generic behavior of the double-gated system. The small peaks on the left of the main resonance for T = 0 K are due to the heavy hole contribution and are suppressed at higher temperatures.
We have demonstrated how thermal broadening can be greatly suppressed using two top gates on a narrow-gap quantum well system, which creates a double-wire system with ZT barriers due to gate potentials giving rise to electric fields of order of megavolt per centimeter. Detuning the two top gates by increasing the bias on one gate with respect to the other, the resonances exhibit broadening up to room temperature with weak temperature dependence, in contrast to single-gate devices which have a single Zener confined region under the gate. Even for temperatures close to room temperature we can see that kT does not dominate the resonances, which remain sharp. This effect may have application in voltage sensing at ambient temperatures. This work was supported by UK EPSRC ͑01302503͒ and the UK Ministry of Defense. FIG. 5 . Conductance vs gate voltage, for electric field 0.47 MV/cm for the double gated system ͓panel ͑a͔͒ and for single gated system ͓panel ͑b͔͒ computed using the eight-band model.
